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1. INTRODUCTION {#jmv24821-sec-0002}
===============

Foot‐and‐mouth disease virus (FMDV) is the prototype member who are belong to the *Aphthovirus genus* of the family *Picornaviridae*. The virus genome is an 8.5 kb, positive‐sense single‐stranded RNA containing one open reading frame. The virus is antigenically highly variable and There are seven serotypes (A, O, C, Asia1, SAT1, SAT2, and SAT3) that do not cross‐protect against each other.[1](#jmv24821-bib-0001){ref-type="ref"}, [2](#jmv24821-bib-0002){ref-type="ref"} Foot‐and‐mouth disease virus (FMDV) causes an economically important and highly contagious disease of cloven‐hoofed animals such as cattle, swine, and sheep,[3](#jmv24821-bib-0003){ref-type="ref"} which makes this virus is monitored by the World Organization for Animal Health (OIE). Currently, FMD vaccine is the traditional way to protect against the disease, which greatly reduces its occurrence. However, the use of FMD vaccines to protect early infection is limited, because the vaccines take protection effect until after 7 days.[4](#jmv24821-bib-0004){ref-type="ref"} Additionally, North America and Western Europe are considered as virus‐free regions where the animals are not vaccinated. Therefore, the alternative strategy of applying antiviral agents is required to control the spread of FMDV in outbreak situations.

As previous studies, Lithium Chloride (LiCl) is a drug for treatment of bipolar disorder and depression and Alzheimer\'s disease, and has been found fracture healing in rodent models with LiCl.[5](#jmv24821-bib-0005){ref-type="ref"}, [6](#jmv24821-bib-0006){ref-type="ref"}, [7](#jmv24821-bib-0007){ref-type="ref"}, [8](#jmv24821-bib-0008){ref-type="ref"} Recently, some reports showed that LiCl had antiviral effects against a number of viruses, such as bronchitis coronavirus (IBV), an avian coronavirus, transmissible gastroenteritis virus (TGEV), pseudorabies herpesvirus in vitro[9](#jmv24821-bib-0009){ref-type="ref"}, [10](#jmv24821-bib-0010){ref-type="ref"}, [11](#jmv24821-bib-0011){ref-type="ref"} and, EV‐A71, a virus which also belong to the family *Picornaviridae*.[12](#jmv24821-bib-0012){ref-type="ref"} And some new reports: porcine reproductive and respiratory syndrome virus (PRRSV),[13](#jmv24821-bib-0013){ref-type="ref"}, [14](#jmv24821-bib-0014){ref-type="ref"} and mammalian orthoreoviruses,[15](#jmv24821-bib-0015){ref-type="ref"} this suggests that LiCl has the potential to become an antiviral drug. Nevertheless, it is unclear that whether LiCl had an inhibitory effect on the FMDV. In this study, we have identified that the FMDV replication was significantly inhibited by LiCl.

2. MATERIALS AND METHOS {#jmv24821-sec-0003}
=======================

2.1. Virus, cell, and reagents {#jmv24821-sec-0004}
------------------------------

The FMDV (O/MYA98/BY/2010) were preserved and provided by OIE/National Foot‐and‐Mouth Disease Reference Laboratory of China. Baby hamster kidney (BHK‐21) cells were obtained from the American Type Culture Collection (ATCC) and were grown in Dulbecco\'s modified Eagle medium (DMEM) (Gibco, Grand Island, NY) containing 10% fetal bovine serum (FBS) at 37°C and 5% CO~2~. The LiCl was purchased from Sigma‐Aldrich and it was prepared in DMEM at a concentration of 1 M and was sterilized after a 0.22 μm filter, then it was stored at −80°C until used.

2.2. Virus titration {#jmv24821-sec-0005}
--------------------

The viral titers of the lysates from experiments were calculated by the 50% tissue culture infected dose (TCID~50~) with the Reed and Muench method. Briefly, 100 µL cell lysates serially diluted 10‐fold in DMEM and were cultivated on the BHK‐21 cell with five replicates. TCID~50~ was calculated according to the well number with cytopathic effect (CPE) after growing at 37°C for 48 h.

2.3. Real‐time quantitative RT‐PCR (RT‐qPCR) {#jmv24821-sec-0006}
--------------------------------------------

The viral yields of the lysates from experiments were confirmed by RT‐qPCR. Briefly, total RNA of the cell lysates was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA) according to the instructions of the manufacturer. The cDNA was obtained with the Thermo Scientific Revert Aid First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA). The 3D gene of FMDV is the target of the real‐time quantitative PCR, and specific primers 3D (3D ‐F‐5′‐CGAGTCCTGCCACGGAGAT‐3′ and 3D ‐R‐5′‐ACCTGTGATGGCYTCGAAGA‐3′) and GADPH (GAPDH‐F‐5′‐GCA AAG ACT GAA CCC ACT AAT TT‐3′ and GAPDH‐R‐5′‐TTGCCT CTG TTG TTA CTT GGA GAT‐3′) were used. The real‐time quantitative PCR was performed using the 7500 Real‐Time PCR system (Applied Biosystems, Foster City, CA) with SYBR Select Master Mix Kit (Applied Biosystems), according to the instructions of the manufacturer. The relative mRNA expression levels were calculated using the 2^−rrCT^ method with normalization of the internal control GADPH.[16](#jmv24821-bib-0016){ref-type="ref"} The mean mRNA level of mock‐treated group was set at 1.00.

2.4. Cytotoxicity assay {#jmv24821-sec-0007}
-----------------------

The 1 × 10^4^ cells/well BHK‐21 cells were cultured in 96‐well plates and grown in DMEM with 10% FBS at 37°C and 5% CO~2~. The cytotoxicity assay was performed by the Cell Counting kit‐8 (CCK8; Donjindo, Japan) according to the instructions of the manufacturer. Briefly, the BHK‐21 cells in the 96‐well cell culture plates were washed three times with PBS, then a series concentration of LiCl (10, 20, 30, 40, 60, 80, 100 mM) were added 100 µL/well in serum‐free DMEM (six wells/dilution) for 48‐72 h. Mock‐treated cells were used as controls. After washing three times with PBS, the cells were incubated with medium (80 µL/well) and CCK8 solution (20 µL/well) at 37°C for 1‐4 h. The optical density (OD) value of the wells at a wavelength of 450 nm was measured with a microplate reader (Bio‐Rad, Hercules, CA). The relative cell viability rate was determined for each concentration as (OD~450~ drug)/(OD~450~ control) × 100. The LiCl concentration under the 50% cytotoxicity concentration (CC50) that the concentration inhibited the proliferation of exponentially growing cells by 50% was decided as non‐toxic concentration.

2.5. Viral inhibition tested {#jmv24821-sec-0008}
----------------------------

The antiviral activity of LiCl against FMDV was determined through the following protocol. The triplicate cells monolayer seeded in 24‐well cell culture plates infected with FMDV (MOI = 0.1) in the presence of a series of concentrations (10, 20, 30, 40 mM) of LiCl at 37°C for 48 h. As a control, the other triplicate cells monolayers were infected with FMDV (MOI = 0.1) absence of drug. After removing the uncombined viruses by washing three times with PBS, the cell lysates of one group were prepared with three freeze‐thaw cycles, and the viral yields were calculated by TCID~50~ and RT‐qPCR.

2.6. Viral inhibition stage assay {#jmv24821-sec-0009}
---------------------------------

Viral inhibition time course of LiCl against FMDV was determined through the following protocol. For viral attachment stage, the monolayers of cells seeded in 24‐well plates infected with FMDV (MOI = 0.1) were treated with a series of concentrations (10, 20, 30, 40 mM) of LiCl for 1 h at 4°C which temperature merely allowed viruses to be absorbed the surface of cells. As a control, cells were infected with FMDV (MOI = 0.1) absence of drug. After removing the uncombined viruses with PBS, the cell lysates were prepared with three freeze‐thaw cycles, and the viral yields were detected by TCID~50~ and RT‐qPCR. For viral entry stage, the monolayers of cells seeded in 24‐well cell culture plates infected with FMDV (MOI = 0.1) at 4°C for 1 h to allow virus attachment. After removing the uncombined virus with PBS, the cells were treated with were treated with a series of concentrations (10, 20, 30, 40 mM) of LiCl at 37°C for 1 h. As a control, cells were infected with FMDV (MOI = 0.1) absence of drug. Subsequently, the drug was removed, and the cells were grown with fresh medium for 48 h. The cell lysates were prepared with three freeze‐thaw cycles, and the viral yields were calculated by TCID~50~ and RT‐qPCR. For viral replication stage, the monolayers of cells seeded in 24‐well plates infected with FMDV (MOI = 0.1) at 37°C for 1 h to allow virus entry. After removing the uncombined virus with PBS, cells were treated with a series of concentrations (10, 20, 30, 40 mM) of LiCl at 37°C for 48 h. As a control, cells were infected with FMDV (MOI = 0.1) absence of drug. Subsequently, the cell lysates were prepared with three freeze‐thaw cycles, and the viral yields were calculated by TCID~50~ and RT‐qPCR.

2.7. Viral inhibition course time assay {#jmv24821-sec-0010}
---------------------------------------

The monolayers of cells seeded in 24‐well plates infected with FMDV (MOI = 0.1) at 37°C for 1 h. The cells were then washed three times with PBS, grown in fresh medium (set as 0 h), and 40 mM (nontoxic concentrations) of LiCl was added to the cells at time interval 0‐2, 2‐4, 4‐6, 6‐8, 8‐10,10‐12, 12‐14, 14‐16, 16‐18, and 18‐24 h post infection, which included the most drug‐sensitive phase of virus replication. The cells were washed three times with PBS and grown in fresh medium at the end of time interval. The cell lysates were prepared with three freeze‐thaw cycles, and the viral yields were calculated for 24 h post infection by TCID~50~ and RT‐qPCR.

2.8. Statistics analysis {#jmv24821-sec-0011}
------------------------

Data were presented as means ± standards deviation (SD) for at least triplicate experiments. The statistical significance was analyzed by using Student *t*‐test. The significant difference was considered as *P *\> 0.05. All statistical analysis and graphical illustrations were produced by the software GraphPad Prism (Version 5.0).

3. RESULTS {#jmv24821-sec-0012}
==========

3.1. Nontoxic concentrations of LiCl {#jmv24821-sec-0013}
------------------------------------

To exclude the possibility that cytotoxicity of LiCl has impact on FMDV infectivity. The cytotoxicity assays were performed according the instructions of the manufacturer of CCK8. The cell viability was above 80% when the cells were treated with LiCl concentrations of 10, 20, 30, and 40 mM, but the viability was under 50% the cells were treated with LiCl concentrations of 60, 80, and 100 mM (Fig. [1](#jmv24821-fig-0001){ref-type="fig"}A).

![Determination of cytotoxic effect, viral titers, and viral mRNA level of LiCl on BHK‐21 cells. BHK‐21 cells were non‐treated or treated with virus concentrations (0, 10, 20, 30, 40, 50, 80, and 100 mM) of LiCl for 24 h. Relative cell viability was determined by CCK8 assay (A), TCID~50~ was analyzed by the Reed and Muench method (B), and the viral yields of the lysates from experiments were confirmed by RT‐qPCR (C). Data are means ± S.D. from three independent experiments](JMV-89-2041-g001){#jmv24821-fig-0001}

The LiCl concentration of 10‐40 mM is under the CC~50~, and there was no significant difference between the drugs treated cells and the mock‐treated cells in the cell morphology (data not shown). So The LiCl concentration of 10‐40 mM was decided as the non‐toxic concentration of LiCl for antiviral research.

3.2. LiCl can inhibit FMDV replication {#jmv24821-sec-0014}
--------------------------------------

To determine the antiviral activity of LiCl against FMDV, a series of concentrations (10, 15, 20, 25, 30, 35, 40 mM) of LiCl were added when FMDV infected BHK‐21 cells. Finally, the viral yields of the cells were detected by TCID~50~ and Real‐time qPCR. The mean viral titers (TCID~50~) of mock‐treated and 10, 20, 30, and 40 mM drug‐treated cells were 6.05, 4.72, 3.12, 2.44, and 1.93, respectively (Fig. [1](#jmv24821-fig-0001){ref-type="fig"}B); The mean relative mRNA yields of mock‐treated and 10, 20, 30, and 40 mM drug‐treated cells were 100.00, 28.67, 2.67, 2.10, and 1.27 (with mock‐treated cells set at 100), respectively (Fig. [1](#jmv24821-fig-0001){ref-type="fig"}C). The results of viral yields have indicated that the FMDV viral titers decreased in a dose‐dependent response in the BHK‐21 cells treated with LiCl.

3.3. LiCl cannot affect FMDV attachment stage and entry stage {#jmv24821-sec-0015}
-------------------------------------------------------------

The viral attachment and entry assays were performed to determine whether LiCl affected the FMDV attachment and entry stages in cells. For the viral attachment assay, the mean viral titers (TCID~50~) of mock‐treated and 10, 20, 30, and 40 mM drug‐treated cells were 5.99, 5.51, 5.63, 5.18, and 5.50, respectively (Fig. [2](#jmv24821-fig-0002){ref-type="fig"}A); The mean relative mRNA yields of mock‐treated and 10, 20, 30, and 40 mM drug‐treated cells were 100.00, 94.67, 97.33, 97.33, and 97.00 (with mock‐treated cells set at 100), respectively (Fig. [2](#jmv24821-fig-0002){ref-type="fig"}B). For viral entry assay, the mean viral titers (TCID~50~) of mock‐treated and 10, 20, 30, and 40 mM drug‐treated cells were 5.69, 5.64, 5.63, 5.25, and 5.66, respectively (Fig. [2](#jmv24821-fig-0002){ref-type="fig"}C); The mean relative mRNA yields of mock‐treated and 10, 20, 30, and 40 mM drug‐treated cells were 100.00, 96.00, 95.00, 100.00, and 93.00 (with mock‐treated cells set at 100), respectively (Fig. [2](#jmv24821-fig-0002){ref-type="fig"}D). The results of viral yields have indicated that LiCl cannot affect FMDV attachment stage and entry stage.

![The assay of FMDV inhibition stage by TCID~50~ and Real‐time qPCR. Viral inhibition time course of LiCl against FMDV was determined by FMDV life cycle: attachment stage (A and B), entry stage (C and D), and replication stage (E and F). The viral yields of the cells were detected by TCID~50~ and RT‐qPCR in every stage](JMV-89-2041-g002){#jmv24821-fig-0002}

3.4. LiCl can affect FMDV replication stage {#jmv24821-sec-0016}
-------------------------------------------

The viral replication assay was analyzed to determine whether LiCl affected the FMDV replication stage in BHK‐21 cells. The mean viral titers (TCID~50~) of mock‐treated and 10, 20, 30, and 40 mM drug‐treated cells were 6.33, 4.73, 3.06, 2.33, and 2.07, respectively (Fig. [2](#jmv24821-fig-0002){ref-type="fig"}E); The mean relative mRNA yields of mock‐treated and 10, 20, 30, and 40 mM drug‐treated cells were 100.00, 21.33, 2.13, 1.37, and 0.8 (with mock‐treated cells set at 100), respectively (Fig. [2](#jmv24821-fig-0002){ref-type="fig"}F). The results of viral yields have indicated that LiCl has antiviral effect on replication of FMDV.

3.5. LiCl affect FMDV replication at early stages {#jmv24821-sec-0017}
-------------------------------------------------

The replication time course assay was performed to determine which time course of FMDV replication was influenced by LiCl. The LiCl was added to the cells at a series of time interval (0‐2, 2‐4, 4‐6, 6‐8, 8‐10, 10‐12, 12‐14, 14‐16, 16‐18, and 18‐24 h). The mean viral titers (TCID~50~) of time interval 0‐2, 2‐4, 4‐6, 6‐8, 8‐10, 10‐12, 12‐14, 14‐16, 16‐18, and 18‐24 h with 40 mM drug‐treated cells were 5.88, 2.14, 2.12, 2.30, 2.46, 3.66, 4.78, 5.49, 5.55, 5.97, and 5.89, respectively (Fig. [3](#jmv24821-fig-0003){ref-type="fig"}A); The mean relative mRNA yields of time interval 0‐2, 2‐4, 4‐6, 6‐8, 8‐10, 10‐12, 12‐14, 14‐16, 16‐18, and 18‐24 h with 40 mM drug‐treated cells were 100.00, 0.53, 0.70, 0.70, 0.80, 1.67, 11.67, 93.67, 99.33, 97.33, and 96.33 (with mock‐treated cells set at 100), respectively (Fig. [3](#jmv24821-fig-0003){ref-type="fig"}B). The results of viral yields have indicated that LiCl has antiviral effect at early stages of FMDV replication.

![The assay of FMDV inhibition course time by TCID~50~ and Real‐time qPCR. The replication time course assay was performed to determine which time course of influenced of FMDV replication by LiCl. The LiCl was added to the cells at a series of time interval (0‐2, 2‐4, 4‐6, 6‐8, 8‐10, 10‐12, 12‐14, 14‐16, 16‐18, and 18‐24 h). The assay of FMDV inhibition course time by TCID~50~ (A) and Real‐time qPCR (B)](JMV-89-2041-g003){#jmv24821-fig-0003}

4. DISCUSSION {#jmv24821-sec-0018}
=============

As previously reported, LiCl has antiviral effects agaist serval virus in vitro, such as IBV, an avian coronavirus, TGEV, herpes simplex virus and pseudorabies herpesvirus, EV‐A7, and PRRSV and so on,[9](#jmv24821-bib-0009){ref-type="ref"}, [10](#jmv24821-bib-0010){ref-type="ref"}, [11](#jmv24821-bib-0011){ref-type="ref"}, [12](#jmv24821-bib-0012){ref-type="ref"}, [13](#jmv24821-bib-0013){ref-type="ref"}, [14](#jmv24821-bib-0014){ref-type="ref"}, [17](#jmv24821-bib-0017){ref-type="ref"}, [18](#jmv24821-bib-0018){ref-type="ref"} which indicated that LiCl had potential to be an antiviral agent.

In this study, When the concentration of LiCl in the range of 40 mM, compared with mock‐treated cells, the cells showed no significant toxicity and no significant difference in cell morphology. Firstly, the LiCl can inhibit FMDV replication when FMDV infected BHK‐21 cells. Secondly, different viral cycle treat with LiCl to further investigate which viral cycle of FMDV infection was sensitive to LiCl. We have found that the LiCl had no effects on FMDV attachment and entry in cells, which indicated that the LiCl did not directly affect the connection between the virus and cell receptor or the passageway of viruses into cells. Nevertheless, LiCl had significantly inhibited FMDV replication stage in cells with dose‐dependent. Thirdly, to further investigate what time course of FMDV replication stage was affected by LiCl treatment, cells were exposed to LiCl at several points in the viral replication stage. We have found that LiCl reduced FMDV replication when treated within 12 hpi, suggesting that the early time of viral replication is the target for the antiviral effect of LiCl. The early time of viral replication stage is the time that viral RNA and viral protein were synthesized, which indicated that the LiCl has inhibited the viral RNA and viral protein synthesized.

LiCl is a often prescribed drug in the modern pharmacopoeia.[19](#jmv24821-bib-0019){ref-type="ref"}, [20](#jmv24821-bib-0020){ref-type="ref"}, [21](#jmv24821-bib-0021){ref-type="ref"} It resulted in reductions in both viral protein synthesis and the yield of released viral progeny in EV‐A71‐infected cells with LiCl, but it only led to a decrease in progeny virus but had no effect on viral protein synthesis.[22](#jmv24821-bib-0022){ref-type="ref"} As the treatment might be used for food animal, the food safety of using LiCl as a medicine is also important problem. In order to minimize the risk of LiCl toxicity, careful monitoring, and adjustment of LiCl dosage is especially important.

In conclusion, the FMDV replication stage was inhibited by LiCl with dose‐dependent. Besides, the LiCl target of the antiviral effect was the early phase of FMDV replication. FMDV causes an economically important and highly contagious disease of cloven‐hoofed animals. The use of FMDV vaccines to protect early infection is limited, and the FMDV mutates frequently to escape the immune system.[3](#jmv24821-bib-0003){ref-type="ref"}, [4](#jmv24821-bib-0004){ref-type="ref"}, [23](#jmv24821-bib-0023){ref-type="ref"} The resulst reveals tha LiCl has potential as an effective anti‐FMDV drug. Therefore, LiCl may be an effective drug for the control of FMDV. Based on that, the mechanism of the antiviral effect of LiCl on FMDV infection is need to in‐depth research in vivo.
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